
ABSTRACT 

T h i s  inemoraxidurn examines  the l o c a t j - o n  of t h e  f r e e  
r e t u r n  reentry p o i i i t s  for the nomina l  f r e e  r e t u r n  p r o f i l e  
and  s e v e r a l  p o s s l b l e  v a r i a t i o n s .  The re  a r e  a number cf 
o p e r a t i o n a l  pi>oi:leins whFch can  s e r v e  t o  c o n s t r a i n  t h e  r e e n t r y  
p o i n t .  Tne Cormand Nodule i s  d e s i g n e d  t o  l a n d  on water,  a.nd 
SO lal id l a n d i n g s  are u n d e s l r a b l e ,  Also I.andings i n  u n f r i e n d l y  
t e r r i t o r y  or f a r  from t h e  r e c o v e r y  f o r c e s  a r e  u n d e s i r a b l e .  

Beca.use of the f l e x i b i l . i t y  which is b u i l t  i n t o  t h e  
nomina l  A p o l l o  M i s s i o n  t he  f r e e  r e t u r n  touchdor2;n points f ~ o m  
a s i n g l e  l a u n c h  winc?ow r!ay vary  o v e r  120" 1 . o n g i t u d l n a l l y  and 
over  110' l a t l t u d i n a l l y  . This wide var - t a t j -on  a l m o s t  a l w a y s  

I r e s u l t s  i n  some possible t r a J e c t o r i e s  f rom a g i v e n  l a u n c h  
. wi.ndow hav-ir?y u n d e s i r a b l e  free r e t u r n  touchdoim p o i n t s .  The 

s i t u a t i o n  may be  p a r t i a l l y  remedied by r e d u c i n g  t h e  f l e x l b % l l t y ,  
' Anothe r  approzch  i s  t o  pe-rforn a rnLxeuver on  t h e  free r e t u r n  

t r a n s e a r t h  l e g  w,:kil.ch p l a c e s  touchdown a t  an a c c e p t a b l e  p o i n t .  
It i s  s h o m  t h a t  s u c h  a maneuver by t h e  S e r v i c e  Module 01- t h e  
LET? d e s c e n t  p r o p u l s i o n  sys tem w l . 1 1  gua i - an tee  a touchdown kn 
a s a t i s f a c t o r y  g e o g r a p h i c  r e g i o n  f o r  a AV c o s t  o f  less  thzLi-1 

t r a j ec to r ly  L n d l c a t e s  t h a t  w a t e r  l a n d i n g s  can  be a s s u r e d  f o r  
t h i s  p r o f i l e  w i t h  a maximum AV p e n a l t y  of a b o u t  300 f p s .  

700 fps. Also ,  a s t u d y  of t h e  s o - c a l l e d  11  filee r e t u r n  s q u a r e d "  
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I 

THE BEHAVIOR OF FREE-RETURN T R A J E C T O R I E S  - 

A b r i e f  r e v i e w  o f  t h e  b e h a v i o r  o f  f r e e  r e t u r n  
t r a j e c t o r i e s  w i l l  b e  u s e f u l  f o r  t h e  a n a l y s i s  which follows. 
F i g u r e  1 ske tches  a t y p i c a l  t r a j e c t o r y  i n  ea r th -moon  s p a c e .  
For s i m p l i c i t y  Lhe  e n t i r e  t r a j e c t o r y  i s  assumed t o  l i e  i n  
a s i n g l e  p l a n e .  The p o s i t i o n  o f  t h e  f r e e  r e t u r n  r e e n t r y  
p o i n t  c a n  b e  r e l a t e d  t o  t h e  t r a n s l u n a r  i n j e c t i o n  p o i n t  b y  t h e  
t o t a l  f l i g h t  time and t h e  f o l l o w i n g  a n g l e s .  

O1 = t r a n s l u n a r  t r a n s f e r  a n g l e  =" 170' 

X = a n g l e  be tween e n t r y  p o i n t  and e x i t  p o i n t  
o f  t h e  moon's  s p h e r e  o f  i n f l u e n c e  ( s e e  
f i g u r e  1) 2 5' 

% o2 = t r a n s e a r t h  t r a n s f e r  a n g l e  = l 5 7 O  

Then t h e  a n g l e  f r o m  i n j e c t , i o n  t o  r e e n t r y  i s  8 = a1 + X + O2 

where p o s i t i v e  a n g l e s  a r e  measured  eastward. S i n c e  8 i s  n e a r l y  3 6 0 ° ,  
i t  c a n  b e  more s i m p l y  e x p r e s s e d  as 

+ X + O2 - 360' 2 8 = 0 -30' 1 

Thus t h e  i n e r t i a l  i n j e c t i o n  p o i n t  and t h e  i n e r t i - a 1  
r e e n t r y  p o i n t  a re  sepa ra t ed  b y  a b o u t  30 degrees .  I t  i s  c l e a r  
t h a t  i f  t h e  e a r t h  t u r n s  t h r o u g h  a n  i n t e g r a l  number o f  r e v o l u t i o n s  
f rom i n j e c t i o n  t o  r e e n t r y ,  t h e  e a r t h  f i x e d  i n j e c t i o n  and r e e n t r y  
p o i n t s  w i l l  a l s o  b e  s e p a r a t e d  by a b o u t  30 degrees .  

The above  a n a l y s t s  assumed t h a t  t h e  e n t i r e  t r a j e c t o r y  
l a y s  i n  a s i n g l e  p l a n e ,  t h e  ea r th -moon  p l a n e .  A s  t h e  t r a n s e a r t h  
l e g  i s  r o t a t e d  o u t  o f  t h i s  p l a n e ,  b y  v a r y i n g  t h e  e q u a t o r i a l  i n -  
c l i n a t i o n  of t h e  e a r t h  c e n t e r e d  e l l i p s e ,  t h e  r e e n t r y  p o i n t  t r a c e s  
o u t  on t h e  s u r f a c e  o f  t h e  e a r t h  a c i r c u l a r  l o c u s  w i t h  a r a d i u s  o f  
a b o u t  2 0  degrees .  S i n c e  Apollo f r e e  r e t u r n  r e e n t r i e s  are c o n s t r a i n e d .  
t o  be  p o s i g r a d e  ( r e e n t r y  az imuth  be tween  0' and 180°), o n l y  t h e  l e f t  
h a l f  o f  t h i s  c i r c u l a r  locus need  be  c o n s i d e r e d  ( s e e  s c h e m a t i c  on 
F i g u r e  2 ) .  

It s h o u l d  b e  n o t e d  t h a t  t h e  t o t a l  v a r i a . t i o n s  i n  l a t i t u d e  
on f i g u r e  2 i s  a b o u t  40' whi le  t h e  l o n g i t u d e  v a r i a t i o n  i s  a b o u t  
2 0 ° .  

. . . . - . . . . 
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The n e x t  o b v i o u s  s t e p  i s  to braw i n  t h e  l o c i  o f  t o u c h -  
down p o i n t s  co r re spo :?d ing  t o  t h e  r e e n t r y  p o i n t s  o f  F i g u r e  2 .  
F i g u r e  3 s k e t c h e s  s u c h  l o c i  f o r  r e e n t r y  r a n g e s  o f  1500 N€4 (25O 
of c e n t r a l  a r c )  and 2500  N?4 (42' of c e n t r a l  a r c ) .  The s h a d e d  
a r e a  on F i g u r e  3 i s  t h e  t o t a l  p o t e n t . i a 1  touchdolwn area f o r  t h e  
r e e n t r y  l o c u s  slnovln. The r e a d e r  w i l l  n o t e  t h a t  i f  t h e  r e e n t r y  
rarige were 1 2 0 0  b!K, a l l .  t h e  t r a j e c t o r i e s  would touchdown a t  a 
s i n g l e  po i .n t ,  p o i n t  A on F i g u r e  3 .  P o i n t  A a . lso a c t s  as a f o c u s  
for t h e  o t h e r  l o c i  and  c a n  s e r v e  as  a n  i n d i c a t o r  f o r  them. When 
p o i n t  A i s  s p e c i f i e d  t h e  othei-  l o c i  can  b e  r e c o n s t r u c t e d .  

F i g u r e  4 shows a n  a c t u a l  s e t  o f  l o c i ;  t h e y  a re  o f  c o u r s e  
n o t  p e r f e c t  s e m i - c i r c l e s  as i n  F i g u r e  3 b u t  t h e  c o r r e s p o n d e n c e  
w i t h  t h e o r y  i s  good and  t h z y  do  t e n d  t o  f o c u s  a r o u n d  a p o i n t .  It  
must  b e  emphas ized  t h a t  t h e  s e t  o f  l o c i  i l l u s t r a t e d  on F i g u r e  3 
i s  o n l y  one rr.c-mber of 2 f a m i l y  o f  s e t s  f o r  t h e  P a c i f i c  i n j e c t i o n  
window on F e b r u a r y  1, 1 9 6 8 .  The r e m a i n d e r  o f  t h e  memorandum w i l l  
b e  c o n c e r n e d  w i i h  t h e  p o s i t i o n  o f  t h e  f o c a l  point; ( t h e  i n d i c a t o r  
f o r  a s e t  o f  r e e n t r y  and  touchdown l o c i )  as  a f u n c t i o n  o f  l a u n c h  
d a t e  and  of v a r i o u s  t r a j e c t o r y  p a r a m e t e r s .  

FACTORS W H I C H  AFFECT POSITION OF FOCAL POINT __ 

A p r i o r  s e c t i o n  has  sho7Jn t h a t  t h e  r e e n t r y  l o c i  and 
t h u s  t h e  f o c a l  p o i n t  c a n  be  r e l a t e d  to t h e  t r a n s l u n a r  i n j e c t i l n  
p o l n t  i f  t h e  t o t a l  t i m e  of f l i g h t  i s  known. I ience ,  t h e  f a c t o r s  
which  a f f e c t  t h e  p o s i t i o n  of t h e  f o c a l  p o i n t  c a n  b e  b r o k e n  i n t o  
two g r o u p s :  t h o s e  which  a f f e c t  t h e  t o t a l  t r i p  time and t h o s e  
which  a f f e c t  t h e  g e o g r a p h i c  p o s i t i o n  o f  t h e  i n j e c t i o n  p o i n t .  

- FACTORS W H I C H  AFFECT TOTAL T R I P  TIME 

The t o t a l  t r i p  t ime v a r i e s  w i t h  

1. Date of Launch 

2 .  A l t i t u d e  o f  p e r i l u n e  

3. F r e e  r e t u r n  e q u a t o r i a l  i n c l i n a t i o n  

4 .  Launch Window. ( A t l a n t i c  or P a c i f i c  
I n  j e c t i  o n )  

O f  t h e s e  f o u r  f a c t o r s ,  d a t e  o f  l a u n c h  g r e a t l y  predom- 
i n a t e s .  The t o t a l  t r i p  t ime  v a r i e s  by a k o u t  1 6  h o u r s  o v e r  a 
l u n a r  month.  A l t i t u d e  o f  p e r i l u n e  and f r e e  r e t u r n  i n c l i n a t i o n  
a r e  o p t i m i z a t i o n  p s r a x e t e r s  which a r e  used  to min imize  t h e  s p a c e -  
cra l" r  reel. : ~ e ~ ~ ~ ~ i ~ - :  1 t.i 2cac'i a : - i v c > r i  lunar land in^ si ';e. E3y the 
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t r a j e c t o r y  g r o u n d  r u l e s ,  p e r i l u n e  a l t i t u d e  c a n  b e  f r e e l y  v a r i e d  
from 40 NEi t o  80 NM. As h h s  b e e n  p o i n t e d  o u t ,  f r e e  r e t u r n  i n -  
c l i n a t i o n  c a n  be  f r e e l y  v a r i e d  o v e r  a l l  p o s i g r a d e  v a l u e s .  T r i p  
t i m e  c h a n g e s  by a b o u t  one hour  o v e r  t h e  t o t e l  a l l o w a b l e  r a n g e  
of  p e r i l u n e  a l t i t u d e s  w i t h  t h e  s h o r t e s t ;  f l i g h t  t imes o c c u r r i n g  
at t h e  l o w e s t  p e r i l u n e  a l t i t u d e s .  T r i p  t i m e  v a r i e s  b y  a b o u t  
o n e  h o u r  ovei- t h e  t o t a l  a l l o w a b l e  r a n g e  o f  r e t u n 1  i n c l i n a t i o n s .  
T h i s  latter f a c t  a c c o u n t s  f o r  t h e  s l i g h t  e l l i p t i c i t y  o f  t h e  l o c i  
on f i g u r e  4. The d i f f e r e n c e  i n  t r i p  time be tween  t h e  two d a i l y  
l a u n c h  windows v a r i e s  f rom z e r o  t o  one  h o u r  and c a n  be a c c o u n t e d  
for.  as due to t h e  d i f f e r i n g  i n c l i n a t i o n  o f  t h e  t r a n s l u n a r  t r a -  
j e c t o r y  t o  t h e  ear th-moon p l a n e  and  to t h e  d i f f e r e n c e s  i n  l a u n c h  
t imes .  

F i g u r e  5 shows t o t a l  f r e e  r e t u r n  t r i p  t i m e  as a f u n c -  
t i o n  o f  d a t e  and t i m e  o f  l a u n c h  o v e r  t h e  c a l e n d a r  month of 
F e b r u a r y ,  1 9 6 8 .  T r i p  t i m e  on F i g u r e  5 i s  shown as a band ;  t h i s  
band  encompasses  t r i p  t i m e s  f o r  b o t h  d a i l y  l a u n c h  windows,  a l l  
p o s i g r a d e  f r e e  r e t u r n s ,  and a l l  p e r l i l u n e  a l . t i tu .des  be tween  40 NM 
and 80 N M .  From t h i s  f i g u r e  i t  i s  e a s i l y  s e e n  t h a t  d a t e  and  time 
o f  l a u n c h  a re  t h e  d o m i n a t i n g  f a c t o r s  i n  t r i p  t i m e  d e v i a t i o n .  

A s  h a s  b e e n  p o i n t e d  o u t ,  i f  t h e  e a r t h  t u r n s  t h r o u g h  a n  
i n t e g r a l  number of  r e v o l u t i o n s  f'rorn t r a n s l u n a r  i n j e c t i o n  to re-  
e n t r y ,  t h e s e  two p o i n t s  w i l l  b e  s e p a r a t e d  g e o g r a p h i c a l l y  b y  a b o u t  
3 0 ° .  F r a c t i o n a l  r e v o l u t i o n s  o f  t h e  e a r t h  w i l l  r e s u l t  i n  a 
l o n g i t u d i n a l  d i s p l a c e m e n t  of t h e  g e o g r a p h i c  r e e n t r y  p o i n t .  I n  
o t h e r  w o r d s ,  t h e  g e o g r a p h i c  p o s i t i o n  o f  t h e  f o c a l  p o i n t  u n d e r g o e s  
a p u r e l y  l o n g i t u d i n a l  d i s p l a c e m e n t  w i t h  v a r i a t i o n  i n  f - l i g h t  t i m e .  
From F i g u r e  5 i t  c a n  b e  s e e n  t h a t  f o r  any  p a r t i c u l a r  l a u n c h  win- 
dow, t o t a l .  t r i . p  time c a n  va ry  b y  a b o u t  2 h o u r s .  T h u s ,  t h e  l o n -  
g i t u d e  o f  t h e  r e e n t r y  f o c a l  p o i n t  c a n  v a r y  b y  30" du-e to v a r l a -  
t i o n s  i n  t r i p  t i m e .  (The  e a r t h  r o t a t e s  a t  15" p e r  h o u r . )  

FACTORS W H I C H  AFFECT THE G E O G R A P H I C  POSITICXU' OF THE IIU'J'ECTION POINT 

The p o s i - t i o n  of  t h e  i n j e c t i o n  p o i n t  v a r i e s  w i t h  

1. Launch Window ( A t l a n t i c  or P a c i f i c  I n j e c t i o n )  

2 .  Date of  Launch 

3. Launch Azimuth 

4. Number o f  E a r t h  P a r k i n g  O r b i t s .  



The two d a i l y  l a u n c h  windows r e s u l t  i n  t r a j e c t o r i e s  
whose t r a n s l u n a r  i n j e c t i o n  p o i n t s  may o c c u r  on o p p o s i t e  s i d e s  
o f  t h e  e a r t h .  The i n j e c t i o n  p o i n t s  f o r  one l a 7 m c h  windou ( t y p e  
P )  f a l l  i n  t h e  g e n e r a l  a r e a  o f  t h e  P a c i f i c  Ocean a n d  t h o s e  for 
t h e  o t h e r  window ( t y p e  A )  f a l l  over t h e  A t l a n t i c  a n d  I n d i a n  
Oceans .  bJhen t h e  moon i s  near i t s  maxinum or minimum d e c l i n a -  
t i o n ,  t h e  two s e t s  o f  i n j e c t i o n  p o i n t s  w i l l  b e  c l o s e  t o g e t h e r ;  
when t h e  moon i s  n e a r  t h e  e q u a t o r  t h e  i n j e c t i o n  p o i n t s  w i l l  b e  
n e a r l y  180" a p a r t .  Thus t h e  c h o i c e  o f  l a u n c h  window g r e a t l y  
a f f e c t s  t h e  p o s i t i o n  o f  t h e  i n j e c t i o n  p o i n t .  

move w i t h  t h e  l a u n c h  d a t e .  Here t h e  movement i s  a b o u t  13" p e r  
d a y  - t h e  a n g u l a r  r a t e  o f  t h e  moon. 

The i n j e c t i o n  p o i n t s  f o r  e a c h  d a i l y  l a u n c h  window 

A v a r i a b l e  l a u n c h  a z i m u t h  i s  u s e d  t o  p r o v i d e  a l a u n c h  
window a n d  as wculd  b e  e x p e c t e d  t h e  r e q u i r e d  p o s i t i o n  of  t h e  i n -  
j e c t i o n  p o i n t  moves by 15' per h o u r ,  t h e  r o t a t i o n a l  r a t e  o f  t h e  
e a r t h ,  d u r i n g  t h e  l a u n c h  window. Thus d u r i n g  a f o u r  arid o n e - h a l f  
h o u r  l a u n c h  window, ( t h e  window a v a i l a b l e  for a v a r i a t i o i i  o f  
l a u n c h  a z i m u t h  f rom 72' t o  108")  t h e  i n j e c t i o n  p o i n t  would rnove 
l o n g i t u d i n a l l y  t h r o u g h  68". The l a t i t u d i n a l  v a r i a t i - o n  d u r i n g  a 
l a u n c h  window i s  small .  

Under c u r r e n t  m i s s i o n  g r o h n d  r u l e s ,  t r a n s l a n a r  i n -  
j e c t i o n  may t a k e  p l a c e  d u r i n g  e i t h e r  t h e  s e c o n d  or t h e  t h i r d  
e a r t h  p a r k i n g  o r b i t .  These  two i n j e c t i o n  o p p o r t u n i t i e s  a r e  
s e p a r a t e d  i n  t i m e  b y  a b o u t  9 0  m i n u t e s  a n d  s o  the g e 0 g r a p h j . c  
i n j e c t i o n  p o s i t i o n s  a r e  s e p a r a t e d  i n  l o n g i t u d e  by a h o u t  22O. 

t h e  i n j e c t i o n  p o i n t  due  t o  t h e  d e s i r e  f o r  a l a u n c h  window and 
t h e  v a r i a t i o n  which  r e s u l t s  f rom h a v i n g  two i n j e c t i o n  oppor-  
t u n i t i e s ,  it c a n  be s e e n  t h a t  t h e  i n j e c t i o n  p o s i t i o n  ~ a y  v a r y  
l o n g i t u d i n a l l y  by 90' o v e r  one l a u n c h  window. O f  c o u r s e ,  
l o n g i t u d i n a l  d i s p l a c e m e n t  o f  t h e  i n j e c t i o n  p o i n t  r c s u l t s  i n  a n  
i d e n t i c a l  d i s p l a c e m e n t  o f  t h e  r e e n t r y  f o c a l  p o i n t .  

F i g u r e s  6 2  a n d  6b show t h e  movement o f  r e e n t r y  f o c a l  
p o i n t s  as 8 f u n c t i o n  o f  l a u n c h  d a t e  and  l a u n c h  window d u r i n g  
F e b r u a r y  1 9 6 8 .  For e a c h  d a t e  a n d  window, one  p o i n t  i s  shown. 
It  r e p r e s e n t s  a 90" l a u n c h  a z i m u t h ,  t r a n s l u n a r  i n j e c t i o n  on  
t h e  s e c o n d  o r b i t ,  a n d  a n  80 NM p e r i l u n e  a l t i t u d e .  

By a d d i n g  t h e  v a r i a t i o n  i n  t h e  geogr;a.phic p o s i t i o n  o f  

On F e b r u a r y  3 ,  1 0 ,  1 7  a n d  2 4  a h o r i z o n t a l  l i n e  i s  
shown t o  i l l u s t r a t e  t h e  v a r i a t i o n  of t h e  f o c a l  p o i n t  w i t h  
l a u n c h  a z i m u t h  and w i t h  i n j e c t i o n  opporztuci t y  . P o i n t s  a r e  set 



c 
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1. La.u.nch a z i m u t h  o f  7 2 ° / i n j e c t i o n  on second  
e a r t h  o r b i t  (ex t re ine  e a s t  on e a c h  l i n e )  

2 .  Launch azini.i?th o f  9 0 ° / I n j  e c t i o n  on second  
e a r t h  o r b i t  

3 .  Launch a z i x u t h  o f  1 0 8 ' / I n j e c t i o n  on second  
e a r t h  o r b i t  

4 .  Launch a z i m u t h  o f  1 0 8 ° / ~ n j e c t i o n  on t h i r d  
e a r t h  o r b i t  (extreme west on e a c h  l i n e )  

The d i s t i n c t  d i f f e r e n c e s  i n  s h a p e  be tween  t h e  l o c i  
o f  focal p o i n b s  on F i g u r e s  6a and  6b c a n  b e  e x p l a i n e d  b y  t he  
n a t u r e  o f  the t b ~ o  e l e m s n t s  which d e t e r m i n e  t h e  p o s i t i o n  of a 
r e e n t r y  f o e 2 1  p o i n t :  t h e  t r a n s l u n a r  i n j e c t i o n  p o i n t  a n d  t h e  
t o t a l  t r l p  t i m e .  On Februa ry  7 b o t h  t h e  A t l a n t i c  and P a c i f i c  
i n j e c t i o n s  a r c  n e a r  A u s t r a l i a  and  b o t h  r e e n t r y  f o c a l  p o i - n t s  
a r e  i n  t h e  S o u t h  I n d i a n  Qcean .  On s u c c e e d i n g  days  the At lan -  
t i c  i n j e c t i o n  p o i n t  moves n o r t h w e s t  u n t i l  on F e b r u a r y  20 i t  
i s  n e a r  Plorr ida.  T h i s  movement wou1.d t e n d  to draw t h e  r e e n t r y  
f o c a l  p o i n t  i n  a n o r t h w e s t e r l y  d i - r e c t i o n  a l s o .  However , o v e r  
t h i . s  t:.ro ~ ~ e e k  t i n i e  p e r i o d ,  t h e  t o t a l  f l i g h t  t i m e  has  f i r s t  
d e c r e a s e d  s h a r p l y  t . end , ing  t o  draw t h e  f o c a l  p o i n t  e a s t  and  t h e n  
i n c r e a s e d  s l i g h t l y .  S i n c e  t h e  t i m e  ol" f l i g h t  f a c t o r  d o m i n a t e s ,  
t h e  f o c a l  p o i n t  moves n o r t h e a s t  f rom F e b r u a r y  7 to F e b r u a r y  1 3  
arid i s  t h e n  di3awn n o r t h w e s t .  D u r i n g  much of  t h i s  p e r i o d  t h e  
r e l a t i o n s h l p  be tween  t h e  movement o f  t h e  i n j e c t i o n  p o i n t  and  
t h e  change  o f  f l i g h t  t i m e  was one o f  i n t e r f e r e n c e  s o  t h e r e  was 
a r e l a t i v e l y  small movement o f  t h e  f o c a l  po i .n t .  Between 
F e b r u a r y  7 and  F e b r u a r y  2 0 ,  t h e  P a c i f i c  i n j e c t i o n  p o i n t  moves 
n o r t h e a s t  f rom A u s t r a l i a  u n t i l  i t  Loo Is n e a r  F l o r i d a .  €!ow- 
e v e r ,  i t s  movement r e i n f o r c e s  t h e  c h a n g i n g  t o t a l  t r i p  t i m e  s o  
t h a t  t h e  r e e n t r y  f o c a l  p o i n t  for P a c i f i c  i n j e c t i o n s  moves o v e r  
a r e l a t i v e l y  l a r g e  a r e a .  On F e b r u a r y  2 0 ,  t h e  r e e n t r y  f o c a l  
p o i n t s  frorri t h e  A t l a n t i c  and P a c i f i c  i n j e c t i o n s  a r e  c l o s e  t o -  
g e t h e r  a g a i n  i n  t h e  eas te rn  M e d i t e r r a n e a n  b u t  t h e  A t l a n t i c  has  
come from t h e  East and t h e  P a c i f i c  f rom t h e  west. 

--_--_I__ 

TOTAL DISPLACETl'IENT OF A FOCAL POINT 

A l o n g i t u d i n a l  d i s p l a c e m e n t  o f  t h e  f o c a l  p o i n t  o f  30° 
was p r e v i o u s l y  shc tm beczuse  o f  v a r i a t i o n s  i n  trip t i m e .  klhen 



. 

E E L L C O M M ,  I N C .  - 7 -  

t h i s  i s  added  t o  t h e  v z r i a t i o n s  due  to t h e  l o c a t i o n  of  t h e  
i n j e c t i o n  p o i n t ,  i t  c a n  b e  s e e n  t h a t  e a c h  p o i n t  on t h e  l o c i  
of F i g u r e s  6a and  6b h a s  a t o t a l  p o s s i b l e  d e v i a t i o n  of  120'. 
T h i s  d e v i a t i o n  or u n c e r t a i n t y  i n  t h e  g e o g r a p h i c  p o s i t i o n  o f  
t h e  r e e n t r y  f o c a l  p o i n t  i s  clue to t h e  d e s i r e  f o r  a l a u n c h  
window, f o r  two i n j e c t i o n  o p p o r t u n i t i e s ,  and f o r  a v a r i a b l e  
p e r i l u n e  and r e t u r n  i n c l i n a t i o n .  T h u s ,  t h e  f a c t o r s  which  
g i v e  t h e  m i s s i o n  o p e r a t i o n a l  and p e r f o r m a n c e  f l e x i b i l i t y  a r e  
t h e  o n e s  which  c a u s e  t h e  f r e e  r e t u r n  r e e n t r y  p o i n t  to move 
o v e r  a w i d e  g e o g r a p h i c  a r e a .  

I n  o n e  r e s p e c t  a wide v a r i a t i o n  i n  t h e  r e e n t r y  p o i n t  
f o r  a s i n g l e  day  i s  f o r t u n a t e :  a l m o s t  e v e r y  l a u n c h  window 
w i l l  h a v e  some f r e e  r e t u r n  t i - a j e c t o r i e s  which  r e s u l t  i n  ac -  
c e p t a b l e  r e e n t r y  p o i n t s .  I f  a l l  o f  t h e  t r a j e c t o r i e s  f rom a 
gS.ven l a u n c h  window f e l l  i n  a sma l l  a rea  which  was o v e r  
lanc?,  a whole l a u n c h  window c o u l d  be  e l i m i n a t e d  b y  a g r o u n d  
r u l e  which  r e q u i r e d  a w a t e r  l a n d i n g .  On t h e  o t h e r  hand a 
w i d e  d i s p e r s i o n  i n  r e e n t r y  p o i n t s  i s  u n f o r t u n a t e :  a l m o s t  
e v e r y  l a x n c h  FindokJ h a s  some t r a j  c c t o r i e s  which  r e s u l t  i n  
u n d e s i r a b l e  r e e n t r y  p o i n t s .  

Of c o u r s e  t h e  r a n g e  c o n t r o l  b u i l t  i n t o  t h e  r e e n t r y  
g u i d a n c e  s y s t e m  c a n  b e  u s e d  to v a r y  t h e  touchdown p o i n t  o v e r  
a 17' c e n t r a l  a n g l e .  However i n  a g r e a t  many c a s e s  t h i s  
c o n t r o l  i s  i n s u f f i c i e n t .  

ONE REMEDY _____ : REDUCE FLEXIBILITY ____ 

One o b v i o u s  solution to t h e  problem o f  u n d e s i r a b l e  
r e e n t r y  and l a n d i n g  p o i n t s  i s  t o  r e d u c e  m i s s i o n  f l e x i b i l i t y .  
S i n c e  t h e  p o s s i b l e  r e e n t r y  p o i n t s  f rom a g i v e n  l a u n c h  window 
f a l l  o v e r  s u c h  a wide  a rea ,  t h e  m i s s i o n  a n a l y s i s  c o u l d  b e  re -  
s t r i c t e d  to t h a t  s u b s e t  o f  f r e e  r e t u r n  t r a j e c t o r i e s  which  re- 
s u l t  i n  a c c e p t a b l e  r e e n t r y  p o i n t s .  

sets: p e r f o r m a n c e  f l e x i b i l i t y  and  o p e r a t i o n a l  f l e x i b i l i t y .  
The r a n g e  O? t h e  two p e r f o r m a n c e  p a r a m e t e r s ,  a l t i t u d e  o f  
p e r i l u n e  and f r e e  r e t u r n  i n c l i n a t i o n , m i g h t  b e  r e s t r i c t e d  s o  as 
t o  p l a c e  t h e  f r e e  r e t u r n  touchdown p o i n t  o v e r  water.  However,  
i t  h a s  been  s e e n  t h a t  t h e s e  p a r a m e t e r s  e x e r t  a r e l a t i v e l y  small  
i n f l u e n c e  on t h e  p o s i t i o n  of  t h e  touchdown p o i n t ,  and to s o  r e -  
s t r i c t  t h e i r  r a n g e  c a n  r e s u l t  i n  i n c r e a s e d  SM f u e l  r e q u i r e m e n t s  
on t h e  o r d e r  o f  8 t h o u s a n d  pounds .  

The m i s s i o n  f l e x i b i l i t y  c a n  b e  d i v i d e d  i n t o  two sub-  
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I t  5.s a 1 . r ; ~ ~  p o s s i b l e  to r e s t r i c t  t h e  r a n g e  o f  t h e  
o p e r a t i o n a l  pEL-Zi! i ICt ;eYs,  l a u n c h  a z i m u t h  and t r a n s l u n a r  i n -  
j e c t i o n  o p p o r t u n i t y .  On F i g u r e  6 i t  c a n  b e  s e e n  t , ha t  t h e s e  
tv;o p a r a m e t e r s  result i n  a 90' l o n g i t u d i n a l  v z r i a t i o n  i n  t h e  
f r e e  return y?e!itr;i a.nd touchdown p o i n t s .  I f  t h e  P rogram 
were c o n t e n t  L o  go 1wj.th a o n e  h o u r  l a u n c h  window and one  
i n j e c t i o n  o p p o r t u n i t y ,  t h e  f r e e  r e t u r n  f o c a l  p o i n t  c o u l d  b e  
r e s t r i c t e d  to any p r e s e l e c t e d  15' segment  o f  t h e  t o t a l  90" 
v a r i a t i o n .  

Also f rom F i g u r e s  6a and 6b it i s  a p p a r e n t  t h a t  t h e  
c h o i c e  o f  t h e  l a u n c h  window ( t y p e  o f  i n j e c t i o n )  and  of  t h e  
d a t e  o f  l a u n c h  a r e  s t r o n g  f a c t o r s .  Which of  t h e  two d a i l y  
l a u n c h  windo:ss i s  to b e  used  i s  d e t e r m i n e d  by a v a r i e t y  
G f  p e r f o r n a n c e  a n d  o p e r a t i o n a l  c o n s i d e r a t i o n s .  It c o u l d  
conceivab1.y be  c h o s e n  s o  as t o  p l a c e  the  f r e e  r e t u r n  t o u c h -  
down p o i n t  o v e r  water. These  f i g u r e s  a l s o  show t h a t  c e r t a i n  
l a u n c h  windcws wri 11 have  all t h e i r  f r e e  r e t u r n  touchdown 
p o i n t s  o v e r  watei- w i t h  no  s a c r i f i c e  i n  f l e x i b i l i t y .  In o t h e r  
words, a water l a n d i r l g  c a n  b e  had b y  s a c r i f i c i n g  m i s s i o n  op- 
p o r t u n i t i e s .  

ANOTHER IIZPIEDY : P R O P U L S I V E  C O R R E C T I O N S  

A s o l u t i o n  which  may b e  p r e f e r a b l e  to a r e d u c t i o n  5n 
f l e x i b i l i t y  i s  t o  p e r f o r m  a p r o p u l s i v e  maneuver  on t h e  f r e e  
retkrr i  leg s o  as  t o  change  t h e  total t r i p  t i m e .  F o r  e v e r y  
h o u r  the t r i p  time i s  changed ,  t h e  g e o g r a p h i c  l o n g i t u d e  of t h e  
r e e n t r y  p o i n t  w i l l  be  changed b y  a b o u t  15". F i g u r e  7 shows 
that AV c o s t  v a r i e s  by  r o u g h l y  1 0 0  f p s  p e r  h o u r  change  i n  
f l i g h t  t i m e  if t h e  AV c o r r e c t i o n  i s  made a t  t h e  moon ' s  s p h e r e  
o f  i n f l u e n c e  on t h e  t r a n s e a r t h  l e g  o f  t h e  f r e e  r e t u r n  t r a -  
j e c t o r y .  I f  t h e  c o r r e c t i o n  were a p p l i e d  e a r l i e r  i n  t i m e ,  e v e n  
g r e a t e r  e f f i c i e n c y  would r e s u l t .  Even i f  s u c h  a p r o p u l s i v e  
maneuver  i.s p l a n n e d ,  t h e r e  i s  s t i l l  j u s t i f i c a t i o n  f o r  r e t a i n -  
i n g  t h e  c i r c u m l u n a r  f r e e  r e t u r n  t r a j e c t o r y .  F r e e  r e t u r n  t r a -  
j e c t o r i e s  call b e  t h o u g h t  of  as a s p e c i a l  s u b s e t  o f  a l l  e a r t h -  
moon t r a j e c t o r i e s .  T h i s  s p e c i a l  s u b s e t  o f  t r a j e c t o r i e s ,  i f  
p e r f e c t l y  e x e c u t e d ,  r e q u i r e s  no  p r o p u l s i v e  maneuvers  to r e t u r n  
t o  t h e  e a r t h .  Hence a n  h e u r i s t i c  a rgumen t  c a n  b e  advanced  
foil t h e  p r o p o s i t i o n  that rnernbei-s o f  t h i s  s p e c i a l  s u b s e t  w i l l  
r e q u i r e  t h e  l e a s t  p r o p u l s i v e  m a n e u v e r i n g  to r e a c h  a water l a n d i n g  
p o i n t  on the e a r t h .  

Also shown i n  F i g u r e  7 i s  a t y p i . c a l  p l o t  o f  r e e n t r y  
v e l o c i t y  as a f u n c t i o n  of  t h e  change  i n  f l i g h t  t i m e .  O f  c o u r s e ,  

p a C  .., . . . . .  . . :, . , . . . . - . . . 

. " .  . , . . ,  
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t h e  r e e n t r y  v e l o c i t y  o f  t h e  u n c o r r e c t e d  f r e e  r e t u r n  t r a j e c t o r y  
v a r i e s  f rom day t o  day  and  w i t h  t h e  c h o i c e  o f  o p t i m i z a t i o n  
p a r a m e t e r s ;  t h e  t o t a l  p o s s i b l e  change  i s  ab0u.t  8 0  f p s .  The 
A p o l l o  CM i s  c o n s t r a i n e d  t o  r e e n t e r  a t  v e l o c i t i e s  l e s s  t h a n  
36,500 f p s . %  F i g u r e  7 i n d i c a t e s  t ha t  e v e n  w i t h  c h a n g e s  i n  
t r i p  t i m e  o f  8 h o a r s  t h i s  c o n s t r a i n t  will n o t  b e  v i o l a t e d .  
If  TOO f p s  were  a v a i l a b l e  t o  v a r y  t r i p  t i m e ,  f i g u r e  7 i n d i c a t e s  
t h a t  a p o t e n t i a l  change  o f  a b o u t  4- 6 h o u r s  would b e  p o s s i b l e .  
A t  l 5 O  p e r  h o u r ,  a r e e n t r y  l o n g i t u d e  f l e x i b i l i t y  o f  more t h a n  
180°  would r e s u l t .  b!ith this k i n d  of f l e x i b i l i t y  a water l a n d i n g  
c o u l d  b e  g u a r a n t e e d .  A s  p r e s e n t l y  c o n f i g u r e d ,  t h e  LEI4 d e s c e n t  
p r o p u . l s i o n  s y s t e m  c a n  d e l i v e r .  1 9 0 0  f p s  t o  t h e  f u l l y  l o a d e d  
s p a c e c r a f t .  O f  c o u r s e  t h e  SPS, i n  worlci.ng c o n d i t i o n ,  c a n  e a s i l y  
p e r f o r m  t h i s  maneuver .  The f ' o r3go ing  f a c t s  i n d i c a t e  t h a t  a n  
o p e r a t i o n a l l y  a c c e p t a b l e  f r e e  r e t u r n  r e e n t r y  and  l a n d i n g  c a n  b e  
a c c o m p l i s h e d  b y  t h e  u s e  of  a DPS or SPS maneuver  on t h e  r e t u r n  
l eg .  

A n o t h e r  scheme i n v o l v i n g  a p r o p u l s i v e  maneuver  i.s t h e  
s o - c a l l e d  " f r e e  r e t u r n  s q u a r e d "  t r a j e c t o r y .  Under  t h i s  strategy, 
t r a n s l u n w  i n j e c t i o n  i s  t a r s e t e d  s u c h  t h a t  a w a t e r  1-anding  i s  
g u a r a n t e e d .  T h i s  i s  most s i m p l y  a c c o m p l i s h e d  b y  r a i s i n g  t h e  
a l t i t u d e  o f  p e r i l u n e  s o  as t o  i n c r e a s e  t h e  t o t a l  f r e e  r e t u r n  
t r i p  t ime.  

At some p o i n t  s o o n  a f t e r  t r a n s l u n a r  i n j e c t i o n ,  t h e  
SPS would t h e n  b ?  u sed  to c o r r e c t  t h e  t r a j e c t o r y  t o  one  h a v i n g  
a n  optimum p e r i l u n e  a l t i t u d e .  After t h e  c o r r e c t i o n  t h e  f r e e  
r e t u r n  c h a r a c t e r i s t i c  would b e  r e t a i n e d  b u t  t h e  f r e e  r e t u r n  
l a n d i n g  p o i n t  would b e  u n c o n s t r a i n e d .  The  AV p e n a l t y  a n d  t h e  
r e q u i r e d  change  i n  p e r i l u n e  a l t i t u d e  a r e  shown on F i g u r e  8 as 
a f u n c t i o n  o f  t h e  r e q u l r e d  change  i n  t o t a l  f r e e  r e t u r n  t r i p  
t ime .  T h i s  f i g u r e  i n d i c a t e s  t ha t  o n l y  a b o u t  300 f p s  i s  re- 
q u i r e d  t o  accommodate a t i m e  change  o f  1 2  h o u r s  i f  t h e  c o r r e c t i o n  
i s  made 1 0  h o u r s  a f t e r  t r a n s l u n a r  i n j e c t i o n .  F i g u r e  9 i n d i c a t e s  
t h a t  1 0  h o u r s  a f t e r  t r a n s l u n a r  i n j e c t i o n  i s  a n e a r l y  optimum 
p o i n t  to make t h e  c o r r e c t i v e  maneuver .  T h i s  " f r e e  r e t u r n  
s q u a r e d "  s t r a t e g y  has o n e  i m p o r t a n t  a d v a n t a g e  o v e r  a c o r r e c t i o n  
o n  t h e  r e t u r n  leg--a free r e t u r n  water l a n d i n g  w i l l  b e  g u a r a n t e e d  
u n t i l  t h e  SPS has  been  f i r e d  for t h e  f i r s t  t i m e .  The most  
i m p o r t a n t  d i s a d v a n t z g e  i s ,  o f  c o u r s e ,  that a p r o p u l s i v e  c o r r e c t i o n  
w i l l  e x i s t  i n  t h e  nomina l  t r a n s l u n a r  t r a j e c t o r y ;  f u e l  must  b e  
pi .ovided f o r  t h i s  c o r r e c t i o n  o u t  o f  t h e  nomina l  AV b u d g e t .  
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Because  o f  t h e  f l e x i b i l i t y  which  i s  b u i l t  i n t o  t h e  
A p o l l o  M i s s i o n ,  t h e  f r e e  r e t u r n  r e e n t r y  f o c a l  p o i n t s  from a 
s i n g l e  l a u n c h  window v a r y  l o n g i t u d i n a l l y  o v e r  120O. T h i s  
wide  v a r i a t i o n  a l m o s t  always r e s u l t s  i n  some t r a j e c t o r i e s  
h a v i n g  o p e r a t i o n a l l y  u n d e s i r a b l e  f r e e  r e t u r n  touchdown points. 
The s i t u a t i o n  may b e  p a r t i a l l y  r emed ied  by  r e d u c i n g  t h e  f l e x i -  
b i l i t y .  A n o t h e r  a p p r o a c h  i s  t o  p e r f o r m  a maneuver  on t h e  f r e e  
r e t u r n  t r a n s e a r t h  leg which  p l a c e s  touchdown a t  a n  a c c e p t a b l e  
p o i n t .  It i s  shown t h a t  a DPS or SPS maneuver  o f  l e s s  t h a n  
TOO f p s  w i l l  g u a r a n t e e  a touchdown i n  a s a t i s f a c t o r y  g e o g r a p h i c  
r e g i o n .  A s t u d y  of t h e  s o - c a l l e d  " f r ee  r e t u r n  s q u a r e d "  t r a -  
j e c t o r y  shows t h a t  a water l a n d i n g  c a n  b e  a s s u r e d  by t h i s  scheme 
w i t h  a maximum AV p e n a l t y  o f  a b o u t  300  f p s .  
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FIGURE 2: LOCUS OF REENTRY POIHTS O i l  THE EARTH'S SURFACE 
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